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We present a method for the investigation of gigahertz magnetization dynamics of single magnetic nano
elements. By combining a frequency domain approach with a micro focus Kerr effect detection, a high
sensitivity to magnetization dynamics with submicron spatial resolution is achieved. It allows spectra of single
nanostructures to be recorded. Results on the uniform precession in soft magnetic platelets are presented.
I. INTRODUCTION
Magnetism at the sub-micrometer and nano scale at-
tracts a great deal of interest for both fundamental rea-
sons and for their prospective use in logic and memory
applications. As not only the static properties, such as
the magnetic magnetic domain configuration, but also
the dynamics properties on the sub-nanosecond timescale
(e.g. the resonances and magnetization switching) are
strongly determined by the reduced dimensionality, ap-
propriate characterization techniques are required. The
conventional method for high frequency characterisation
of magnetic systems is the cavity based ferromagnetic
resonace technique. However, nanostuctures can not be
studied in remanence as the fixed frequency operation
requires the bias field to be swept. To address this prob-
lem, different techniques have been developed. Depen-
dent on how the magnetic response is detected they can
be divided in two categories. Vector Network Analyzer
Ferromagnetic Resonance (VNA-FMR3,4) and Pulsed In-
ductive Microwave Magnetometry (PIMM5,6) detect the
resonance electrically and in Time Resolved Magneto-
Optical Kerr Effect (TR-MOKE7) and Time Resolved
Scanning Transmission X-Ray Microscopy experiments
(STXM8–10) optical detection is used. The optical meth-
ods have a high sensisitivity to detect the signal of a
single magnetic microstructure, but have a much more
complicated set-up than the electrical methods, and re-
quire a femtosecond laser or pulsed X-ray source. On the
other hand, detection in the frequency domain, like con-
ventional FMR and VNA-FMR can achieve much higher
signal-to-noise ratios3. Here we present an approach
which combines the frequency domain method with op-
tical detection: the Magneto-Optical Spectrum Analyzer
(MOSA).
This method is a hybrid method between VNA-FMR
and TR-MOKE in the context of measurement abilities
and construction. TR-MOKE makes use of a pulsed laser
to probe the magnetization ( ~M) through the magneto-
optical Kerr effect11–15 at regular intervals, while the
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sample is excited using e.g. another laser pulse or a mi-
crowave signal generator. By shifting the arrival time
of the probe pulses with respect to the excitation, time
domain information can be gathered. This method, on
the other hand probes the magnetization using a contin-
uous wave laser and measures (again through the Kerr
effect) the fast change of magnetization with an ultrafast
photodiode in the frequency domain.
II. DESCRIPTION OF THE SET-UP
Shown in Fig.1 is the optical layout of our set-up. Light
(660nm) from a laser diode (LD) is linearly polarized us-
ing a polarizer (Pol) and passes through a non-polarizing
beamsplitter (BS). An objective lens (L1) focusses it to a
diffraction limited spot (≈ 500nm) on the sample, where
microwave interconnects provide RF current for the ex-
citation and an electromagnet can provide a bias field of
up to 50mT.
The reflected light is collected by the same objective
lens and redirected by the beamsplitter onto an analyzer
(An). The tranmission axis of this analyzer is set at
an angle of 45◦ with respect to the transmission axis of
the first polarizer. The beam is then focussed using an
aspheric lens (L2) onto a multimode optical fiber (MM
Fiber), transporting it over a large distance (50 m in our
case) to an ultrafast photodiode (PD) with a bandwidth
of approximately 12GHz. At this point intensity varia-
tions are measured.
The objective lens is mounted on a piezo stage to allow
scanning of the probe beam over the sample surface. By
recording the DC reflected light intensity, we can image
the sample and correctly focus and position the probe
beam on the sample. For this purpose the light is de-
flected with a mirror towards a conventional photodiode
(both not shown for clarity).
The out-of-plane magnetization dynamics are mea-
sured via the polar Kerr effect. When reflecting off the
sample, linearly polarized lights gains both an elliptic-
ity (K) and a rotation of the major polarization axis,
known as the Kerr angle (θK). For out-of-plane saturated
Permalloy, the polar Kerr angle is typically 1 mrad16.
Both the sign and magnitude of this angle depend on the
sign and magnitude of the out-of-plane magnetization of
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2FIG. 1. A basic sketch of the optical part of the set-up, used
for polar Kerr detection. LD is a laser diode, Pol a polarizer,
BS a non-polarizing beamsplitter, L1 an objective lens, An
an analyzer, L2 and L3 aspheric lenses and PD an ultrafast
photodiode. The angle between the transmission axis of Pol
and An is 45◦.
the probed area.
The reflected light is analyzed with the polarizer at an
angle of 45◦, thus yielding an intensity of I = I0(1/2 +
θK), where I0 is the intensity before the analyzer. Placing
the analyzer at 45◦ maximizes the signal.
The electrical part of the set-up is shown in Fig. 2.
One signal generator produces the RF current at fre-
quency f used for exciting the sample. The RF power
through the sample is kept level by using a diode detec-
tor measuring the power coming out of the sample. The
bias tee provides the necessary bias voltage and shunts
the DC photocurrent. The DC photocurrent flowing out
of the bias tee is measured for monitoring purposes.
Assuming a linear dependence of the light intensity on
the magnetization11,14, we can estimate the AC current
induced in the photodiode due to magnetization dynam-
ics as δI ≈ IDCθK,maxδmz, where θK,max is the Kerr angle
at saturation (Mz = MS), δm the reduced out-of-plane
magnetization (Mz/MS) and IDC the DC photocurrent.
The AC photocurrent is passed on to the low noise
preamplifier, which increases the signal level by 30dB.
After this preamplifier, a mixer downconverts this high
frequency signal to a frequency in the audio range. To
this end a second signal generator, phase locked to the
first one, produces a high frequency signal at a frequency
offseted by several kilohertz (∆f) with respect to the
excitation frequency f . Thus, the signal that the mixer
produces is at the frequency ∆f . It is further amplified
by a second amplifier and finally sampled using a high
end ADC. A computer records the incoming data from
the ADC and performs an FFT to compute the signal
strength at ∆f .
FIG. 2. A simplified schematic of the electrical part of the
set-up. A diode detector connected to the sample helps in
keeping the power transmitted through the sample level when
the frequency is varied. Also shown are the photodiode (PD),
termination resistor (RTerm), bias tee, RF preamplifier, fre-
quency mixer, low frequency amplifier and ADC. Both signal
generators produce a tone in the microwave range (f), but
are slightly offset by frequency ∆f in the kHz range.
III. COMPARISON WITH OTHER METHODS
To estimate the detection limit of the set-up, we com-
pare the typical signal levels to the fundamental noise
present. There are three main contributions to this
noise17:
• a contribution from the DC photocurrent, known
as shot noise, with a current noise density given by
inoise =
√
2qIDC;
• a contribution from the noise intrinsic to the diode,
quantified by the Noise Equivalent Power (NEP);
• and a contribution from the terminating resistor,
RTerm (50Ω), known as Johnson noise, with a volt-
age noise density given by vnoise =
√
4kTRTerm.
We assume that these are sources of white noise and that
all other possible sources generate much less noise in the
frequency range of interest.
If we compare this noise with the signal strength, we
arrive at the following expression for the Signal-to-Noise
Ratio (SNR) at the input of the preamp:
SNR = 10log10
I2DCθ
2
K〈m2z〉
B(2qIDC + 4kT/RTerm + (R ·NEP)2) ,
(1)
where B is the measurement bandwidth and R the re-
sponsivity of the photodiode (A/W (at a specific wave-
length)). Typical values for our set-up would involve
IDC = 100.0µA, B = 1Hz and 〈m2z〉 = 10−4. The John-
son noise is the largest contribution (1.8 ·10−11 A/√Hz),
followed by the shot noise (5.7 · 10−12 A/√Hz). In com-
parision, the NEP for the photodiode we have used is
negligible (only 4.5 · 10−17 A/√Hz). Because the contri-
bution from shot noise is still smaller than the Johnson
3FIG. 3. Shown is a FFT when both a magnetic signal and a
direct coupling are present. In this particular case a Permal-
loy disc with a diameter of 20µm was excited at 4GHz with
+10dBm of power and biased with a field of 20mT. The leak-
age was caused by a microstrip, which was properly termi-
nated and carried the same amount of power as used for the
excitation, but at a slightly different frequency.
noise, the SNR can be significantly improved by increas-
ing the light intensity incident on the photodiode. Only
when the photocurrent reaches 1 mA (equivalent to 10
mW optical power on the diode) does the shot noise ex-
ceed the Johnson noise. However increasing light inten-
sity also entails heating up to sample, even to above the
Curie temperature. A further increase in SNR could be
obtained by cooling the detector, lowering the Johnson
noise.
Adding these terms we find a SNR of approximatly
34dB. In addition, the first amplifier adds a noise figure
of 2dB, thus the final SNR is about 32dB. But as the
signal itself is on the order of -130dBm or 5 · 10−14 mW,
absolute care in handling the microwave signals is still
required.
To illustrate this, we have excited a sample with
enough RF power (+10dBm) so that the it would pre-
cess with δmz ≈ 0.01. The same amount of RF power
but at a slightly offseted frequency was sent through a
microstrip next to the receiver, to allow for a comparison
between the magnetic signal and the direct coupling from
the excitation to the receiver. The result in Fig. 3 shows
that direct coupling is much stronger than the magnetic
signal and that our estimate of the SNR is quite accurate.
To this end, the detection has been separated by a large
distance from the excitation. Low frequency 1/f noise
is not showing due to a low frequency cut-off character-
istic of the low frequency amplifier, but the noise floor
increases below 5kHz.
Our method is complementary to both VNA-FMR and
TR-MOKE. To the former, we add the advantage of spa-
tial selectivity. This means that several magnetic struc-
tures can be fabricated in each others vicinity and we
are still able to probe each one separately, or that the
spatial variation of the magnetization dynamics can be
analyzed, in contrast to VNA-FMR.
100µm
FIG. 4. A SEM micrograph of a sample used for measure-
ments. The dots are 75µm and 20µm in diameter.
Where TR-MOKE is a time domain method, we are
measuring directly in frequency domain, thus it is eas-
ier to measure resonance curves directly and not have to
rely on Fourier transforms of time domain data. In com-
parison to pulsed methods, we have independent control
of frequency and amplitude, resulting in non-ambiguous
spectra. Further, our method allows us to probe the sig-
nal at any arbitrary frequency, something that is difficult
to do with stroboscopic time domain measurement meth-
ods.
One last advantage of our method is that it does not
require a femtosecond pulsed laser, high end oscilloscope
or vector network analyzer, thus eliminating a large cost.
IV. EXPERIMENTAL DETAILS
As an illustration we have measured the uniform pre-
cession of magnetization in Permalloy discs with a 20µm
diameter. The samples were fabricated on a silicon sub-
strate. Structure definitions were made with electron
beam lithography and the lift-off technique. After the
last metal deposition an ALD coating of Al2O3 was de-
posited. The samples were then wire bonded to a high
frequency substrate. An example of such a sample is
shown in Fig. 4.
An example of a resonance curve where the frequency
is swept at a fixed field of 45mT, is shown in Fig. 5.
The peak was fitted to a Lorentz curve and the result-
ing resonance frequency was determined to be 6120±2
MHz, with a linewidth of 188±4 MHz. This illustrates
that the linewidth can be accuratly measured on single
microscopic elements.
The detector itself has a frequency dependence, mak-
ing the recorded spectrum a product of the magnetic
response and the detector response. To investigate
this effect, a frequency sweep was performed for a dif-
ferent number of bias fields and the resonance fre-
quency was determined for each. In Fig. 6 the re-
sulting datapoints are compared with the Kittel equa-
4FIG. 5. The resonance curve for a 20µm diameter, 50nm
thickness Permalloy disc in a field of 45mT. The solid line is
the Lorentzian fit.
FIG. 6. The evolution of the resonance peak of the uniform
precession when the field is increased. The Kittel equation
for a thin film is shown as a black line.
tion, which for an infinitly thin film is given by fRes =
28.0
√
µ0HBias(µ0HBias + µ0Ms) GHz/T. Literature val-
ues have been used for calculating the Kittel equation
(µ0Ms = 1.04T)
18. The datapoints are in good agree-
ment with the Kittel equation, ruling out strong fre-
quency variations in the detection which might interfere
with measurements.
Finally, the magnetic signal can also be used for imag-
ing purposes; when the laser beam is scanned over the
sample using the piezo stage and the magnetic signal at
each point is recorded. This can be compared with the
reflectivity, which is acquired simultaneously. When the
sample is excited at resonance, the contrast is highest.
An example is shown in Fig. 7. Here we compare the
reflectivity (clearly showing the Au CPW, Si substrate
and Permalloy discs) with the magnetic signal showing
only the Permalloy disc.
FIG. 7. At the top an image generated using the magnetic
response of a uniform resonance in a 3µm dot at 6GHz. Shown
at the bottom is an image generated using reflectivity data
that was collected simultaneously.
V. CONCLUSION
We have developed a method of probing magnetization
dynamics at the multiple-GHz range using a frequency
domain method that offers spatial sensitivity. The set-up
is relatively simple, yet allows for high quality measure-
ments, thus enabling a fast exploration of excitation pa-
rameters. We have illustrated that our method can yield
quantitative results using uniform excitation on single
microscopic elements.
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